In this paper, the pulping process of wheat straw using ionic liquid 1-ethyl-3-methylimidazolium bromide ([Emim]Br) as the digestion liquor is presented. The influence of pulping conditions on the pulp yield are analysed by single-factor and orthogonal experiments, and optimum pulping conditions are obtained. The average pulp yield reaches 44 %, and the average recovery rate of ionic liquid is 93.5 %. The XRD pattern shows no obvious change in the crystal structure of the wheat straw cellulose. Additionally, the SEM image illustrates that there are many fine fibres in the pulp and the spaces between the fibres are large.
Introduction
The conventional pulping process is an ordinary technique applied to non-wood fibre pulping processes. [1] [2] [3] This method is not only a waste of chemicals, causes higher energy loss and heavier pollution, but also takes a long reaction time, has low pulp yield, and is expensive. It severely hinders the development of the pulp and paper industry. [4] [5] [6] [7] [8] In order to achieve the comprehensive utilization of lignin as well as to solve common issues of high temperature, high pressure, low pulp yield, and severe pollution in the traditional chemical pulping processes, ionic liquid is chosen as the digestion liquor or pretreatment agent, and is considered to be beneficial for the pulping process. The ionic liquid can dissolve natural cellulose, a major constituent of non-wood raw materials, like wheat straw, rice straw, bagasse etc.
9-11 Swatloski 12 investigated the dissolution of cellulose in a variety of ionic liquids with different anion-cation combinations, and concluded that ionic liquid consisting of imidazolium cation and coordination anion, is more effective in dissolving cellulose than others. In this paper, we discuss the pulping technology of ionic liquid [Emim]Br. Optimum conditions for wheat straw pulping are obtained by analysing the influences of pulping variables by means of single-factor and orthogonal experiments.
[Emim] Br has a low cost, it is easily prepared, and its average recovery rate reaches 93.5 %. That makes the entire pulping process generate almost no waste liquid (compared to the conventional methods). The physical performances of the paper sheet are tested, and the crystal structure of the cellulose and fibre morphology after the pulping is studied. The results show that the pulping process of wheat straw using ionic liquid is consistent with that of the non-wood fibre pulping. Overall, this research provides a new idea and approach for pulp and papermaking technology.
Experimental

Materials
N-methylimidazole (chemically pure) was provided by Tianjin Chemical Reagent wholesale department, ethyl bromide of analytical regent (AR) grade was purchased from Tianjin Fu Chen Chemical Reagent Factory, and the ethylenediamine copper(II) solution and wheat straw consisting of water 6.57 %, cold water drawn out matter 10.36 %, hot water 18.20 %, 1 % sodium hydroxide taken matter 46.13 %, benzyl-alcohol content 1.99 %, holocellulose 71.37 %, cellulose 38.76 %, and lignin 15.90 %, was obtained from Tianjin key Laboratory of Pulping and Papermaking at Tianjin University of Science and Technology.
Synthesis of ionic liquid
Weigh out N-methylimidazole and ethyl bromide in a amount ratio of 1 : 1.3 and mix them in a four-necked flask. The mixture is heated to reflux with simultaneous mechanical stirring in a water bath until the temperature slowly reaches 60 °C. The liquor turns turbidity from colourless bit by bit, and finally the light yellow transparent liquid is obtained, the viscosity of which grows step by step. When the reacting time reaches 3 hours, heating is stopped and the residual ethyl bromide is wiped off by distilling. A light yellow or colourless transparent liquid is formed, which is Cut 20 g (dry weight) wheat straw into 2 - 3 cm fragments and put them with digestion liquor ionic liquid in a digester in accordance with a specific liquid-solid (m(L) : m(S) from 10 : 1 to 4 : 1). The range of cooking temperature is 80 - 150 °C, and the cooking time varies from 10 to 40 minutes. The influences of cooking variables on pulp yield under atmospheric pressure are analysed, and the pulp yield can be calculated using the following equation (Eq. 1).
(1)
Note: the water content of the coarse pulp is determined by drying the samples to a constant mass (accuracy: 0.0001 g) in an oven (105 °C).
Lignin separation and ionic liquid recycling
After cooking, the wheat straw pulp is put into a 200-mesh filter bag, and then separated from the ionic liquid. The wheat straw pulp is then rinsed repeatedly with conductivity water. The liquid phase is transferred into a beaker, left to stand for a certain time until the sediment is dissolved out, followed by centrifugal separation. These precipitates are first treated with alkaline solution, then a separation process, and finally an acidic solution. The pH of the filtrate is adjusted to neutral after the separation and the lignin is separated out again in this neutral solution. Precipitated lignin is washed thoroughly with conductivity water, dried, and weighed. Additionally, the ionic liquid is recovered by filtering, washing, distillation, drying, and weighing after cooking. The whole flow diagram of wheat straw pulping with ionic liquid is shown in Fig. 1 .
Paper physical properties test
Using a standard paper sheet forming device (7407S, Mavis Engineering Ltd, UK), the ration of papermaking is 60 g m −2 page sheet according to the TAPPI method. The formed paper sheet is dried on a drum dryer after going through 5 min front and 3 min back surfaces press. The handsheet is placed in an environment of constant temperature and humidity (23 ± 1 °C; relative humidity 50 ± 2 %) for 4 hours, and then tested for its physical performances. According to the national standard GB/T 2679. 5-1995/1989 , the paper physical properties are tested by Swedish L&W company determinators of bursting strength, tearing strength and breaking length.
In these experiments, ethylenediamine copper(II) solution is adopted as a solvent to dissolve cellulose and the relative viscosity η is measured by the capillary viscometer. Then intrinsic viscosity [η] is obtained by Martin empirical formula (Eq. 2):
where C is the cellulose concentration (in g ⁄ (100 ml)) in ethylenediamine copper(II) solution (oven-dried), and K = 0.13 is the constant for ethylenediamine copper(II) solution.
The computational formula of pulp polymerization degree (DP) is as follows:
where [η] is intrinsic viscosity in units ml g The pulp yield increases with the increase in cooking temperature, however, it begins to drop when the cooking temperature is higher than 140 °C. Generally speaking, the dissolving capacity of various substances increases with the rise in temperature. Before 140 °C, the amount of dissolved lignin increases, which makes beating easy, so pulp yield is rising. After 140 °C, the pulp yield begins to drop. This means that too high temperatures could damage cellulose in wheat straw pulping. According to the literature, [14] [15] [16] the straw lignin is comprised of many phenolic hydroxyl and carboxyl groups, and many p-hydroxyphenyl units connect with other lignin structure units via ester bonds. Under moderate conditions, the ester bond in lignin might be totally fractured, and α-ether bond can be partially broken, which makes the straw lignin fragmented and easily dissolved. Therefore, a suitable cooking temperature should be used to ensure a sufficient delignification rate in the pulping process, that is, to decrease the rate of breakdown of cellulose. With comprehensive consideration of the pulp yield and separation of lignin, 120 - 140 °C is selected as proper cooking temperature. 
Effect of cooking time on pulping of wheat straw in ionic liquid
The effect of various cooking time on the pulp yield is shown in Fig. 4 , where the ratio m(L) : m(S) is 6 : 1 and the cooking temperature is 140 °C. The pulp yield first increases with the increase in cooking time, and then levels off. The pulp yield reaches its highest value when the cooking time is 25 min. Wheat straw pulping is in the quickly dissolving phase during 10 -20 min, and a number of lignin is dissolved out at this phase. The tendency levels off bit by bit after 25 min. Theoretically, with longer cooking time, the pulping reaction is more thorough and the delignification is more significant. However, in the late stage of pulping, that is, after most of the lignin is separated out, the macromolecules of cellulose are entirely exposed in the ionic liquid, which causes the cellulose to degrade easily, leading to reduced productivity as well as increased energy consumption. The cooking time scope of the choice is also based on easy beating and makes pulp yield high. So, with the comprehensive consideration of the pulp yield and benefit, 20 -30 min is selected as the appropriate cooking time.
Orthogonal experiments
An orthogonal table is designed, where the factor 'level' is introduced along with wheat straw cooking conditions in single factor experiments ( Table 1) . In this table, the liquid-to-solid ratio m(L) : m(S) is between 9 : 1 and 6 : 1, the cooking temperature is 120 - 140 °C, and the cooking time varies from 20 min to 30 min. The experimental data are processed according to the pulp yields, and the results of orthogonal experiments are shown in Table 2 . shows the highest pulp yield, which is up to 39.5 %, so A 2 B 3 C 2 is identified as the best combination of pulping conditions. Therefore, we draw a conclusion that the optimum conditions of the pulping process can be characterized by a m(L) : m(S) ratio of 8 : 1, a cooking temperature of 140 °C, and a cooking time of 25 min.
Validation experiments
Verification experiments are conducted under optimum conditions for three times, and the results are shown in Table 3 . The average pulp yield reaches 44 %, and the mean recovery of ionic liquid reaches 93.5 % considering all three parallel experiments. The pulp yields of cooking wheat straw in ionic liquid are high because of the unique nature of ionic liquid dissolved lignin. Ionic liquid as a digestion liquor can be recycled, which compensates its expensiveness. Moreover, ionic liquid makes the pulping process free of pollution (i.e., no black liquor). The anion of ionic liquid [Emim]Br in the boiling solvent has a good coordination ability. It is easy to immerse in the three-dimensional network structure of lignin and break intermolecular and intramolecular hydrogen bonding in lignin. As a result, [Emim]Br is effective in dissolving lignin. While cation [Emim] + itself contains strong polarity double bonds, the H atoms in the cation [Emim] + and the hydroxyl in the lignin also form hydrogen bonds, further reducing the acting force between the lignin units and the molecules. [17] [18] [19] In addition, the special chemical structure of [Emim] Br and its pure ion environment could also reduce the interaction between lignin macromolecules, which enables the lignin to dissolve better. According to the characteristics of straw lignin, moderate neutral ionic liquids not only dissolve the lignin quickly, but also reduce the damage to cellulose, resulting in an increased pulp yield.
Paper sheet performance test
The average physical performance parameter values of ordinary paper with chemical pulp in laboratory (beating degree 45 °SR) are as follows: tightness 0.57 g cm . Paper sheet performance tests include pulp defibering, beating (45 °SR), and handsheet. The paper sheet used in the validation experiment is shown in Fig. 5 , physical performances of which were tested after the paper sheet had been treated under constant temperature and humidity. The experimental results, shown in Table 4 , indicate that the physical properties of the paper from the ionic liquid wheat straw pulping process meets the requirements of regular paper. 
5 XRD radial diffraction experiment
Fig . 5 shows the results of XRD diffraction analysis of wheat straw pulp fibres after [Emim]Br pulping. The XRD pattern shows two diffraction peaks in Fig. 6 (2θ = 15.298°, 2θ = 21.844°), whose characteristics are consistent with those given by the standard XRD spectrum of native cellulose. 20 This result illustrates that the crystal structure of cellulose in wheat straw is not obviously changed after pulping in ionic liquid, and the pulping process is mild enough not to damage the cellulose. 
Pulp fibre SEM scanning
The morphology of wheat straw fibres after cooking is studied by SEM, which is shown in Fig. 7 . It could be seen that the pulp fibres are devillicated and the fibre cell walls are damaged. In addition, there are many exposed fine fibres, and the spaces between fibres are larger. The characteristics of ionic liquid cooking wheat straw pulping are consistent with those of straw pulp. (2) Verification experiments are conducted, and the average pulp yield is 44 %, which is higher than that of traditional chemical pulping. The average recovery rate of ionic liquid [Emim]Br is 93.5 %, and the entire pulping process generates no waste liquid. Test data indicate that the physical properties of the fabricated papers meet the requirements of regular paper. 
